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1.  INTRODUCTION 


Itie  dissociatii^i  piocesses  of  high-lying  electronic  sta^  of  carbon  monoxide  (CO)  have  been  the 
subject  of  numerous  theoretical  (Coc^r  artd  Langhoff  1981:  0‘NeiI  aiui  Schafer  1970:  Fock,  Gurtler, 
and  Koch  19^.  Cooper  and  Kii)^  1981:  Letzelter  et  aL  1987;  Vidal  1988:  ami  SekiiK.  Adachi,  and 
Hin^  1989)  and  experimental  (Bokor.  Zavelovich.  and  Rhodes  1980:  Sausa,  Alfano.  and  Miziofek  1987; 
Meijer  et  aL  1988;  Laufer,  McK^tzie,  and  Huo  1988;  Hill  H  al.  1990;  and  Merrow  ar^  Fordi  1990) 
inve^gatimisL  Experimental  work  (Hi  the  photodissociation  of  CO  have  Oequmly  utiUzed  tl»  argent 
fhKtride  (ArF)  exdmer  hser  bectoi^  of  %veral  important  reasons,  llte  AiE  excimer  laser  operues  a 
193  nm  in  die  ultiaviol^  therefore,  it  is  a  convoiient  source  of  high  energy  [^tons  (6.4  eV).  Also,  since 
die  absorpti(m  of  two  193-nm  phcHiHis  (6.4  eV  each)  just  exceeds  the  dis^xdation  et^rgy  (Huber  and 
Heizberg  1979)  (D^  (C-O)  =»  n,09  eV]  from  the  ground  electronic  state  CO  (X*]Q,  it  is  well  anted  for 
pltetodisaidatitHi  experiments.  Alttough  the  {diotodissvxiiation  mechanism  of  CO  and  the  states  involved 
near  12.8  eV  is  not  entirely  understotxi  at  present,  recent  experimental  and  theoretical  work  has  given  new 
insight  into  die  {^todisiociatitm  processes.  In  particular,  the  work  of  Hill  et  al.  (1990)  suggests  that  the 
interaction  between  the  CX>  Rydberg  and  valence  states  near  12.8  eV  Induces  dissexnadon  on  a 
picosecond,  or  faster,  time  scale.  They  have  also  shown  that  two-ptoton  dissociation  of  CO  completely 
dominates  over  processes  such  as  muldi^ton  ionization  and  higher  otxier  dissociation  processes  at  laser 
power  dotsides  up  to  30  GW/cm’. 

Recent  work  in  our  l^ratory  also  suggests  a  two-i^t<Hi  dissociation  process  in  CO  at  193  nm 
(Merrow  and  Forch  1990).  Unlike  previous  experiments  ^^ch  used  a  single  laser  for  both  the 
photodisstteiation  of  CO  and  for  the  detection  of  atomic  carbon  photofragments,  we  devised  a  two-laser 
experiment  to  jHObe  dw  ptotodissociation  using  oxygen  atom  two-photen  laser-induced  fluorescence.  We 
showed  that  193-nm  {^Kruxfissociation  of  CO  produced  atomic  oxygen  in  three  ground  electronic  spin-orbit 
split  states,  oxygen  2p*(*Pufl).  Two-prtioton  excitation  of  the  oxygen  2p*(’P2,,jj)— 2p^p(^i,,^)  transitions 
near  225.6  nm  (see  Figure  1)  and  fluorescence  detection  at  844.7  nm  following  the  193-nm 
photodissociation  yielded  a  near  (quadratic  photolysis  laser  power  depetKience  (n  »  1.90  ±0.09).  A  simple 
dissociation  mechanmn  was  {Hoposed  wf«iein  singlc-jActon  absorption  at  193  nm  produces  CO  (a*n, 
uf  =  2),  then  the  suteequent  absorption  of  an  additional  AdF  photon  to  a  state  with  suspected  triplet 
character  leads  to  rapid  dissociation.  The  present  experimental  study  was  undertaken  to  ftirther  investigate 
the  193-nm  dissociatitHi  of  (X), 
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Our  initial  experimental  measuteinents  were  made  in  n  very  simple  low  pressure  fiow  cell  which  was 
operated  in  ti%  mOUtorr  pressure  range.  These  investigations  have  been  extended  into  a  high  vacuum 
(-10"’  torr)  pul»d  molecular  bwm  a|^>aratus  which  is  equipped  with  a  time-of-flight  mass  spectrometer 
(TOFMS).  This  new  experimental  setup  allows  for  both  ma^  selection  and  ionization  detection  using  a 
pump-probe  laser  conflgunuioa  Subsequent  to  AiP  laser  photodissociadon  of  CO.  ions  of  atomic  oxygen 
and  at(»nic  carbon  are  selectively  (tetected  using  (2-I-1)  and  (l-t-l)  Resonance  Enhanced  Muldphoton 
loiuzadon  (REMPI),  respeedvely.  A  two-i^ton  dissociadon  process  in  CO  at  I93'nm  is  reported  using 
both  REMPI  detecdon  sch^es.  which  is  in  excellent  agreement  with  our  previous  results  (which  used 
muldphotmi  laser-induced  fluorescence).  In  addition,  we  report  the  nascent  fine  structure  branching  ratios 
of  atomic  oxygen  2p‘  fix>m  193-nm  photodissociadon  of  CO  using  both  REMPI  detection  and 

muld{^ton  laser-induced  fluorescence  detecdon.  These  results  indicate  that  the  distribution  that  was 
measured  is  not  statistical.  Computer-generated  simulations  of  the  experimental  excitation  spectra  were 
made  and  yield  a  distribution  which  would  corte^nd  to  a  thermal  temperature  of  1.100  ±200  K. 

2.  EXraRlMENTAL 

A  sdrematic  of  the  ajqraratus  used  for  these  experiments  is  shown  in  Figure  2  and  has  been 
previously  outlined  (Merrow  and  Forch  1990).  A  brief  description  of  the  new  instrumentation  and 
experimental  procedure  is  as  follows.  A  pulsed  molecular  beam  of  neat  carbon  monoxide  (Matheson  UHP 
Grade)  was  generated  using  an  R.  M.  Jordan  pulsed  molecular  valve  system  (Lubman  and  Jordan  1985). 
The  beam  pulse  duration  (-30  ps)  was  measured  with  a  fast  ion  gauge  which  could  be  positioned  to 
intersect  the  beam  for  measurement  and  be  removed  as  required.  The  molecular  beam  was  skimmed 
(SOO-pm  skimmer.  Beam  Dynamics)  and  passed  into  a  differential  pumped  region  of  the  TOFMS.  which 
was  maint^ned  at  a  pressure  of  -1(J’  torr.  The  CO  beam  was  photolyzed  with  the  output  of  a  loosely 
focused  (1.000-mm  focal  length  lens)  broad-band  ArF  excimer  laser  (Lumonics  model  No.  440)  at  low 
laser  energy  deasity  (<0.0l  GW/emVem’*).  The  photolysis  laser  beam  was  contained  in  a  windowed  tube 
which  was  flushed  with  Nj  or  He  to  avoid  its  attenuation  by  molecular  oxygen  absorption  via  the 
Schumaiui-Rungc  bands  (Yoshino,  Freeman,  and  Parkinson  1984),  A  cry'Ogenic  gas  processor  was 
attached  to  the  ArF  laser  to  extend  the  gas  fill  life.  Photo-produced  ground  electronic  state  oxygen 
2p^(*p2,ijD)  atoms  were  detected  using  (2+1)  REMPI  near  225.6  nm“  from  the  probe  laser 
(Nd:Y AG/dye/wavelength  extension  system.  Quanta  Ray  model  No.  DCR-2A,  No.  PDL-1,  and 
No.  V  ',X-1).  Photo-produced  atomic  carbon  2p*(‘D2)  atoms  were  detected  using  (l+i)  REMPI  near 
247.9  nrr'.  The  ions  were  accelerated  in  the  TOFMS  by  three  grid  plates  each  separated  by  10  mm. 
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Figure  2.  Schematic  of  Extxrimental  Apparatus. 


The  ions  aie  repelled  by  a  plate  biased  at  +2,300  V.  drawn  thtough  an  extraction  grid  biased  at  1,900  V 
and  then  they  are  accelerated  through  the  ground  grid  into  tte  fli^t  tube.  The  differentially  pumped 
region  is  eiKdosed  in  a  vertical  liquid  nitrogen  trap  which  minimizes  badcground  gas  contamination  and 
is  a  fsu:tor  of  nearly  100  times  lower  pressure  than  the  preskimmed  chamber  region  (10^  torr)  which  is 
btu:lmd  a  10-in  oil  dii^ision  pump.  Essentially  very  little  hydrocarbon  background  was  observed  using 
a  polyi^ti^yl  etl^  difhision  pump  fluid  (Santovac  5)  with  low  vapor  pressure  (-10'*’).  The  diffusion 
pump  is  separated  from  the  main  chamber  by  a  gate  valve  and  liquid  rtitrogen-cooled  tr^  and  baffle, 
whidi  diminat^  oil  backstreaming.  The  drift  tube  region  is  approximately  146  cm  long  and  is  backed 
by  a  6-in  tutbomolecular  pump.  The  ion  detector  is  a  dual-channel  plate  which  provides  a  gain  of  10^  and 
is  terminated  into  a  50-f2  connector.  The  rise  time  of  the  detector  is  very  fast  (subnanosecond),  and  a  grid 
is  located  in  front  of  the  detector,  which  ensures  dtat  the  drifl  region  in  the  flight  tube  is  field  free  (since 
tte  front  surface  of  die  device  is  operated  at  a  high  negative  potential  [3.(XX)  V]  [Lubman  and  Jordan 
1985]).  The  ion  beam  can  be  steered  to  the  detector  grid  with  four  X-Y  deflector  plates  located  along  the 
drift  tube  which  compensate  for  the  traverse  displacement  due  to  the  initial  beam  velocity  vector.  The 
time  synchronization  of  the  pulsed  valve,  photolysis  laser,  and  probe  laser  were  controlled  with  precision 
digital  pulse-delay  generators  (Stanford  Research  Systems,  model  No.  DG  S35).  The  Nd:YAQ  oscillator 
sync-out  pulse  triggered  the  pulse  valve  and  the  pulse-delay  generator.  An  output  trigger  pulse  from  the 
delay  generator  was  then  used  to  Are  the  excimer  laser  with  a  selectable  delay  prior  to  the  probe  laser 
beam.  Itm  ^gnals  were  detected  widt  a  3(X)-MHz  digital  scope  to  the  probe  laser  beam.  Ion  signals  were 
detected  with  a  5(X)-MHz  digital  scope  (Hewlett-Packard  model  No.  5411  ID)  and/or  boxcar  integrator- 
computer  system. 

3.  RESULTS  AND  DISCUSSION 

3.1  System  Calibration.  Since  our  intention  in- this  work  was  not  only  to  investigate  the 
plmtodissociation  of  CO  using  oxygen  atom  (2+1)  REMPI  and  carbon  atom  (1+1)  REMPl  but  to  also 
measure  the  nascent  ground  electronic  spin  orbit  split  state  distribution  of  photolytically  produced  oxygen 
2pVP2.ijb)*  experiments  were  performed  to  ensure  that  such  a  distribution  could  be  measured  with  our 
experimental  setup.  In  addition,  the  measurement  of  nascent  product  state  populations  under  collision-free 
conditions  using  both  ionization  and  fluorescence  detection  as  a  comparison  aids  in  the  establishment  of 
the  validity  of  the  measurements.  In  particular,  it  is  desirable  that  the  probe  laser  output  energy  remain 
constant  (flat)  in  the  scan  wavelength  region  225-227  nm  because  of  the  nonlinear  nature  of  the 
multiphoton  excitation  scheme  used  for  the  detection  of  atomic  oxygea  This  required  tuning  of  the  dye 
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laser  (X)niposition  and  concentration  until  the  frequency  doubled  and  mixed  output  in  this  region  was 
unifonn.  Hrst.  we  made  up  oscillator  and  amplifier  laser-dye  solutions  which  were  a  mixture  of 
Rbodamitte  590  and  Rhodamine  610.  The  output  laser  energy  was  measured  in  the  wavelength  region 
225-226  nm,  then  the  laser-dye  solution  concentrations  were  changed  by  injecting  microliter  quantities 
of  a  saturated  dye  solution  of  Rhodamine  610  until  the  output  energy  was  constant  over  this  scan  range. 
We  found  that  after  continuous  operation  of  the  laser  system  for  3  hours,  the  output  energy  was  skewed 
-10%  toward  the  blue.  Iherefore,  no  dye  solution  was  used  more  than  2  or  3  hours  in  the  course  of  this 
work  without  changing  or  adding  more  saturated  Rhodamine  610  solution.  The  approximtue  dye 
concentratioi^s  of  the  oscillator  and  amplifier  stages  were  2.2  x  10^  M  and  3.2  x  10  *  M,  respectively,  with 
a  compodtion  of  69%  Rhodamine  590  and  31%  Rhodamine  610. 

Relittole  distribution  ratios  and  laser  power  dependencies  could  be  measured  without  the  need  for 
external  calibration  when  both  the  photolysis  and  probe  laser  systems  were  optimized  to  reduce  saturation 
effects.  Excitation  spectra  of  the  tliermalized  cxy^n  atom  ground  electronic  fine  structure  produced  in 
CO  photolysis  was  recorded  in  Nj  or  Ar  buffer  gas  at  a  total  pressure  of  -80  torr.  A  computer  code  was 
written  to  simulate  the  spectrum  and  fit  the  distribution  to  a  thermodynamic  temperature.  A  simple 
Gaussian-type  function  of  full  width  at  half  maximum  (FWHM)  of  -1  cm  *  was  found  to  closely  represent 
the  ^ctial  piofde  of  the  laser  excitation  source  near  225.6  nm  since  the  signals  in  Figure  3a  are  much 
broader  than  the  O-atom  doppler  width  and  are  primarily  determined  by  the  laser  line  width  (Bischel, 
Perry,  and  Cr^slcy  1984).  The  fine  structure  splittings  of  the  oxygvn  2p*  3p  *Pj  levels  in  the  upper  state 
are  <  0.5  cm'^  and  are  therefore  not  resolved  with  our  resolution,  so  only  single  peaks  were  observed. 
Using  this  simple  model,  the  experimental  data  were  fit  to  a  Boltzman  distribution  with  a  thermodynamic 
temperature  of  309  ±30  K  (Figure  3b),  which  is  very  close  to  the  expected  room  temperature  result  All 
of  the  raw  data  were  digitized  and  normalized  to  the  intensity  of  the  2p*(*Po)  fine  structure  component 
Fluorescoice  power  dependeiKe  measurements  were  also  made  to  ensure  that  the  probe  laser  two-photon 
excitation  process  was  not  saturated  and  was  indeed  quadratic.  The  combined  results  of  the  experiments 
and  simulations  indicate  that  the  distributions  we  measure  are  reliable. 

The  TOFMS  was  time-to-mass  calibrated  using  a  pulsed  molecular  beam  of  hydrogen.  There  are 
two-photon  resonant  transitions  from  the  four  lowest  rotational  states  of  (Q  lines  of  the  [2.0]  bank  of 
the  EF-X  system)  that  coincidentally  fall  within  the  gain  of  the  free-running  AiF  laser  near  193  nm.  H* 
and  Hj*  are  produced  from  multiphoton  dissociation  of  Hj  and  (2+1)  REMPI  of  Hj,  respectively,  using 
the  intermediate  EJ^  excited  electronic  state  as  described  by  Buck,  Parker,  and  Chandler  (1988).  Single- 
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lascT  {dK}tolysis  of  H2  at  193  nm  produced  two  ion  signals  at  2.37  ps  and  3.35  ps,  respectively,  relative 
to  the  laser  li^t  pulse  agnal  which  triggered  the  scope.  These  flight  times  correspond  to  the  arrival  of 
IT  and  at  the  detector.  A  simple  computer  program  was  then  written  which  calculates  trajectory  flight 
times  ba5»d  upon  the  accelerating  voltages  on  the  grid  plates,  drift  tube  length,  and  otlier  parameters 
particular  to  our  TOFMS.  The  calculated  flight  times  (2.3689  ps  and  3.3502  ps  for  H*  and  Hj*)  arc  in 
excellent  agreement  with  the  experimentally  observed  values. 

We  then  began  experimental  measurements  on  the  photodissociation  of  CO  in  the  TOFMS.  These 
experiments  require  the  temporal  synchronization  of  three  pulsed  sources — the  photolysis  probe  lasers,  and 
molecular  beam  valve.  The  temporal  jitter  of  the  Nd:YAG-dye  laser  system  is  on  the  order  of  only  several 
nanoseconds,  and  the  jitter  of  the  Aif  photolysis  laser  can  be  reduced  to  ~2  ns  by  using  a  charge-on- 
demarxl  triggering  feature  designed  into  the  laser  electronics.  However,  regardless  of  the  triggering 
scheme  used,  there  was  an  inherent  jitter  of  ~  ±50  ns  in  the  opening  of  the  pulsed  molecular  beam  relative 
to  the  trigger  signal.  The  pulsed  valve  was  operated  under  choked  flow  conditions  wherein  the  flow  is 
essenflai'y  conductance  limited  and  has  a  square  wave  profile  of  30  ps  as  measured  with  the  fast  ion 
gauge.  Therefore,  the  pulse  duration  of  the  molecular  beam,  is  at  least  two  orders  of  magnitude  wider 
than  the  laser  pulses.  We  found  that  when  the  photolysis  laser  beam  was  overlapped  within  the  center 
of  the  pulsed  valve  beam  the  eftbcts  of  the  temporal  jitter  were  inconsequential.  We  also  found  that  the 
high-conducting  ludipin  loop  in  the  pulsed  valve  operator  system  required  30-40  min  of  conditioning 
(continuous  operation)  to  ensure  that  the  pulse  width  and  intensity  of  the  molecular  beam  were  uniform 
with  time.  Experiments  which  produced  a  thermalized  distribution  of  atomic  oxygen  in  the  TOFMS  were 
also  performed  as  a  check  of  the  atomic  oxygen  (2+1)  REMPI  detection  procedure.  The  tungsten  wire 
filament  of  the  fast  ionization  gauge  was  biased  at  low  current,  then  positioned  in  the  path  of  the  pulsed 
molecular  beam.  Thermal  dissociation  of  some  CO  molecules  which  collided  with  the  wire  filament  and 
grid  produced  ground  state  oxygen  atoms.  Ground  electronic  state  hydrogen  and  deuterium  atoms  have 
been  ptxxluced  from  beams  of  molecular  hydrogen  and  deuterium  using  this  technique  as  recently 
described  by  Downey  and  Hozack  (1989).  Laser  power  dependence  measurements  for  the  detection  of 
these  atoms  gave  a  value  n  =  2.73  ±0.28,  and  computer  simulation  of  the  experimental  excitation  spectra 
gave  a  distribution  with  a  temperature  of  340  ±40  K.  We  observed  that  essentially  no  O*  signal  was 
generated  by  the  filament  from  the  thermal  dissociation  of  CO  when  the  applied  current  was  very  low. 
These  results  gave  us  confidence  that  the  (2+1)  REMPI  detection  scheme  would  allow  for  tiie 
determination  of  the  photolysis  laser  power  dependence  for  CO,  yield  reliable  distributions,  and  that 
saturation  effects  were  minimal  at  these  low  laser  energy  densities. 
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3.2  Atomic  Oxygen  REMPI.  The  propo^d  photodissodation  mechanism  for  CO  at  193  nm 
is  es^daily  a  two-step  process.  The  initiai  absoipUon  of  the  first  ArF  fiioton  from  the  ground  electronic 
state  of  CO  (X*£*)  produces  CO  (a^II,  v  »  2),  which  subsequently  absorbs  one  additional  photon  into  a 
dissociative  state  with  triplet  character.  Hill  et  al.  (1990)  have  proposed  that  the  interaction  between 
^  Rydberg  and  ’n  val^vce  states  near  12.8  eV  causes  sulxianosecond  dissociation  which  precludes  higher 
Older  processes.  Therefore,  minimal  CO^  signals  sirould  be  observed  from  irradiation  of  CO  at  193-nm. 
TOFMS  were  first  recorded  with  only  the  193  nm  laser  phorolyzing  the  beam  of  CO.  The  laser  energy 
dendty  was  -0.01  GW/cmVcm**.  Consistent  with  Hill  et  al.  (1990)  and  our  mechanism,  we  observed 
essentially  no  ionization  signal  from  CO*  above  the  background  TOFMS  noise  at  laser  energy  densities 
(-0.01  GW/cmVcm''),  which  were  much  lower  than  had  been  previously  employed  (Bokor,  Zavelovich, 
and  Rhodes  1980;  Sausa,  Alfano.  and  Miziolek  1981;  Meijer  et  al.  1988;  and  Hill  et  al.  1990).  However, 
an  ion  signal  was  observed  which  ^>peared  at  8.2  ps.  which  has  been  assigned  to  C*  and  is  consistent  with 
the  photoproduction  of  metastable  carbon  2p^(‘D2)  atoms,  which  were  subsequently  excited  by  an 
additional  193-tun  idtoton  to  the  carbon  2p3sOPi)  excited  state  and  iotdzed  by  the  absorption  of  another 
193-iun  t^ton.  An  ton  signal  which  would  have  ^ipeared  at  a  delay  of  9.5  ps  relative  to  the  photolysis 
laser  pulse  (for  O*}  was  not  observed.  It  is  also  important  to  ensure  that  the  probe  laser  beam  was  not 
inducing  i^tolysis  of  CO  under  these  conditions.  Ion  signals  from  neither  CO*  nor  O*  were  observed 
when  the  laser  tuned  both  on  and  off  resonance  of  the  three  oxygen  2p*(^p  (2+1)  REMPI  transitions. 
Next,  we  began  the  pump-probe  REMPI  experiments. 

Spatial  ovedap  of  the  couiiteipropagating  photolysis  and  probe  laser  beam  was  very  difilcult  because 
of  the  limited  viewing  access  into  the  differentially  pumped  region  of  the  TOFMS.  However,  temporal 
synchronization  of  the  two  laser  pulses  was  facilitcted  by  viewing  scattered  laser  light  from  a  small  orifice 
through  which  the  colimated  molecular  beam  exited  ORgwrc  1).  The  initial  delay  between  the  photolysis 
and  probe  laser  pulses  was  set  at  40  ns.  As  the  probe  laser  was  scanned  through  the  oxygen 
2p*(^P2,jjB)-+2p^p(*p2,ij))  transitions  near  225.6  nm,  O*  ion  signals  appeared  at  9.5  ps  relative  to  the  scope 
trigger  signal  from  the  probe  laser.  The  apparatus  was  tite.'i  tuned  tc  maximize  the  signal  output.  The 
boxcar  gate  was  fixed  to  mass  select  and  integrate  the  O*  signal  as  the  probe  laser  was  scanned  and  an 
excitation  spectrum  was  recorded.  A  representative  (2+1)  REMPI  spectrum  is  shown  in  Figure  4a.  The 
same  type  of  single-laser  experiment  was  performed  using  only  the  probe  laser  beam  which  was  tuned 
both  on  and  off  rcsonamre  of  the  three  oxygen  2pVPj)(2+l)  REMPI  transitions  and  no  ionization  signals 
(neither  CO*.  C*.  nor  O*)  whatsoever  were  observed.  This  result  indicates  that  under  these  experimental 
conditions,  the  probe  laser  beam  was  not  inducing  photolysis  of  CO.  The  spectrum  w:is  recorded  in  three 
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s^jaiate  scans  aiui  the  raw  data  was  nonnaiized  to  the  intensity  of  the  2p^(^o)-->2p?3p(^P2,i;))  transition. 
Note  that  the  relative  ion  sign^  intensities  given  in  Figure  4a  differ  from  those  obtained  in  die  thermalized 
distribotion  presented  in  Hguie  3a  and  will  be  discussed  shortly.  Several  power  dependence  measurements 
of  the  probe  laser  energy  on  the  REMPI  signals  insured  that  the  detection  multiphoton  process  not 
saturated.  The  ^ope  (n)  of  an  Ln-Ln  plot  of  the  intensity  versus  probe  laser  energy  gives  a  near  cubic 
deper^oice  for  tl%  overall  process  (n  %  2.86  ±0.29).  In  addition,  laser  power  dependence  measurements 
with  the  probe  laser  tuned  to  each  of  the  three  spin-orbit  split  states  fell  within  these  error  bats.  The  non- 
inte^  value  is  dtK,  in  part,  to  experimental  noise,  pulse-to*iHilse  fluctuations  in  the  laser  output  and 
t^nlal  saturaticm  of  the  photoionization  step  which  has  a  relatively  larger  photoionization  cross  section 
as  compared  to  the  two-photmi  absorption  cross  section  in  the  first  step  of  the  (2+1)  REMPI  scheme 
(Bamford.  Jusinski,  and  Bischel  1986). 

We  proceeded  with  the  photolysis  laser  power  dependence  measurements.  The  majority  of  the 
{diotolysis  laser  power  dependence  measurements  were  performed  with  the  probe  laser  tuned  to  the  oxygen 
2p'‘(*P^-»2p’3p(*P2,j/))  transitions  beca-iSe  the  signal  intensity  was  largest  there.  A  linear  least-squares  fit 
to  the  data  gives  a  slope  of  n  »  1.78  ±0.28  which  indicates  a  quadratic  dependence  on  the  photolysis  of 
CO.  Quadratic  dependencies  of  the  i^otolysis  laser  on  the  dissociation  were  also  observed  with  the  probe 
laser  tuned  to  detect  0^  at  the  excitation  wavelengths  for  the  other  two  oxygen  atoms  ground  electronic 
spin  orbit  split  states.  A  comparison  of  the  results  obtained  using  (2+1)  REMPI  (n  «  1.78  ±0.28)  wid: 
those  obtained  using  oxygen-atom  two-{4ioton  laser-induced  fluorescence  (Memow  and  Forch  19^) 
(n  =!  1.9  ±0.09)  are  in  good  agreement 

Numerous  control  experiments  serve  as  a  critical  check  of  the  data  and  show  that  the  oxygen  atoms 
were  not  produced  in  a  coUisional  process  or  by  chemical  reaction.  We  found  that  the  oxygen  atom 
signals  increased  linearly  with  pressure  over  an  order  of  magnitude  of  pressure  change.  A  quadratic 
dependence  of  die  photolysis  laser  on  CO  was  observed  when  the  pump-probe  delay  time  was  varied  from 
50  ns  to  500  ns.  We  also  jrfiotolyzed  CO  outside  the  differentially  pumped  region  in  front  of  the  skimmer 
to  provide  a  much  longer  delay  between  the  pump  and  probe  laser  beams.  The  spatial  distance  between 
the  tip  of  the  skimmer  cone  and  the  center  of  the  ionization  region  is  approximately  S  cm,  and  at  beam 
velocities  of  ~10*  cm/s  the  pump  probe  delay  time  is  500  ps.  A  photolysis  laser  power  dependence  of 
1.71  ±0.43  was  determined.  However,  in  the  TOFMS,  it  is  difficult  to  vary  the  pressure  substantially  since 
the  operating  pressure  should  be  kept  <  10'®  turr  to  avoid  arcing  between  the  microchannel  detector  plates 
(which  gready  reduces  its  operating  lifetime)  (Lubman  and  Jordan  1985).  We  also  noted  that  when  the 
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baddi^  pressure  of  CO  su{^ied  to  {Hilsed  valve  is  varied,  then  the  linear  velocity  of  ti^  molecular 
beam  changes  aiKl  alters  the  time  synchrcmizadon  of  the  valve  relative  to  Uk:  pump  and  probe  lasers. 
Ncmetlttless.  we  p^onned  experimmts  wtere  the  CO  pressure  was  incieas<»I  to  allow  the  chamber 
pressure  to  readi  near  10^  mrr,  and  a  linear  dependence  of  the  signal  on  pressure  was  observed 
pressire  range,  oxygen  (24-1)  REMPI  signal  was  also  found  to  vary  llneaily  with  CX) 
prepare  (10^''-10^  tort).  However,  owing  to  erratic  behavior  of  d»  microchannei  plate  (tetector  (noise 
spikes  wWch  occurr»i  at  the  higher  pressure  range),  these  types  of  experiments  were  not  pursued  further. 

3.3  Atomic  Carbon  (1+1)  REMPI.  An  alternate  approach  to  investigate  the  photodissociation  is  to 

(tetect  atomic  carbon  in  a  pump-probe  laser  experiment  Since  the  phoU)lysis  of  CO  at  193  nm  also 
{noduces  metastable  carbon  atoms  (Bokor.  Zavelovich.  and  Rhodes  1980;  Sausa,  Alfano.  and 

Miziolek  1987;  and  Hill  et  aL  1990).  carbon  atom  (1+1)  REMPI  near  247.9  nm  can  be  employed  to 
investigate  the  dissociatitm.  A  193'nm  phomlysts  laser  also  excites  the  carbon  2p^^D2)-+2p3s(*Pi) 
tranadcm  at  193.1  nm,  which  radiates  at  247.9-nm  carbon  2p3s(‘Pi)-»2pi*0So).  The  carijon  ;uoms 

were  then  detected  by  pumping  the  reverse  transition,  carbon  2n?(*So)-42p3s(‘P,).  then  photoionizing  fttan 
the  carbon  2p3s(‘Pi)  state.  (1+1)  REMPI.  Carbon  ions  which  were  produced  from  the  193-nm  photolysis 
laser  could  easily  be  separated  fixrm  those  produced  by  the  247.9-nm  probe  laser  with  a  time  delay.  For 
example,  if  the  time  delay  between  the  photolysis  and  probe  lasers  was  set  at  20  ns.  then  carbon  ions 
which  were  produced  by  the  probe  laser  (although  less  intoise)  appeared  as  separate  peaks,  delayed  20  ns 
in  the  TOFMS  signal  with  ions  produced  by  the  photolysis  laser.  Laser  power  dependence  measurements 
for  the  probe  laser  detection  of  C  were  made  at  several  photolysis  laser  energies  (0. 1-0.6  mJ)  and  gave 
a  value  n  =  1.74  dbO.39  for  the  (1+1)  REMPI  process.  Neither  C*  nor  CO*  signals  were  observed  when 
the  probe  laser  alone  was  fired  (-0.1  mJ).  A  photolysis  laser  power  dependence  of  1.61  ±0.37  was 
measured,  which  falls  within  the  error  bars  of  the  unceitainties  of  the  measurements  using  the  other 
detection  procedures. 

3.4  Atomic  Oxygen  Nascent  State  Distributions.  As  mentioned  eariiei,  the  relative  intensities  of 
the  O*  signals  differ  from  those  recorded  in  a  thennalizing  bath  of  inert  buffer  gas.  refer  again  to 
Figures  3a  and  4a.  A  computer  simulation  of  the  spectrum  is  given  in  Figure  4b  and  yields  a  distribution 
ratio  ¥2:’P,;’Po  »  0.61:0.30:0.09,  which  would  conespond  to  a  thermalized  Boltzman  temperature  of 
1,1(X)  ±200K.  Furthermore,  the  relative  distribution  ratios  we  obtained  using  oxygen  atom  (2+1)  REMPI 
is  similar  to  the  distribution  ratios  we  obtained  using  oxygen  atom  two-phoion  laser-induced  fluorescence 
in  a  flow  cell  (Merrow  and  Forch  1990).  Apparently,  the  nascent  state  distribution  we  measured  using 
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dtiK»'  detec^oit  tectotique  mt  statisdcaL  We  found  that  in  a  coUiatsoless  environment  (lO*^  torr).  fht 
rdtdivc  di^bti^  ratit^  did  ncH  dian^  with  delay  time  (up  to  500  ns).  Tl^  di^butions  weie 
it^ecsitive  to  i»es^ue  (dtange  in  die  range  of  torr  and  were,  tfamefoie,  unpertuitml  by  collisimial 

ndmudion  processes.  To  mir  best  lomwl^ge.  this  is  the  first  report  of  the  fii»  structure  brandling  ratios 
of  aicnnic  oxyg^  in  the  193-nm  photodissodation  of  CO. 

InfmmdkHi  on  the  nature  and  possible  identity  of  predissociating  states  may  be  revealed  by  ti» 
^lectroscqpy  of  die  {diotofragmeats  and  dtt  product  stat«  into  which  they  are  produced.  Cmnplicdions 
may  arise  when  ai^  number  of  cn»sit%  potemials  are  involved  in  tte  dissociarion,  particularly  at 
imetmediaie  inmouclear  separarimis.  and  affect  product  state  distnbutimi  channels  and  fine  structure 
distribttti<»».  In  turn,  knowledge  of  the  frt^eni  fittt  slnKmue  distributkHis  may  discern,  in  t)% 
nature  of  the  potentials  involved  in  the  predissodatimi  (Lee  and  Freed  1987).  For  example,  recent  results 
of  Huang  and  Gordcm  (1990)  on  the  muldplet  state  distribution  of  2p*  (^2jjs)  {x^uced  in  d»  193-nm 
piK^odissodaticm  of  SOj  gives  the  first  r^it  of  die  stadstical  distributimi  of  atomic  muldplet  states  in 
a  {dwtodissociadcm  reacdon.  This  disiribudmi  corr^ponds  to  the  degoieracy  weightings  cf  the  high 
tanperature  limit,  5:3:1.  A  statistical  distributkm  of  muldplet  ^ates  is  expected  in  a  sudden  "mapping" 
(Lee  and  Beed  1987;  Kcang  mad  Gordon,  to  be  pubiisheiO  of  close  lying  fine  structure  states  excited  by 
the  phoum  onto  the  asym{»otic  stales  of  the  firagmoits.  For  a  direct  dissociation,  the  popilations  are 
{MX^rtional  to  the  muldplet  degeneracies.  Hi^y  nonstatistical  distributions  may  result  fiom  a  "slow" 
dissociaticHL  Huang  and  Gordon  (to  be  published)  give  smxig  evidence  that  to  the  contrary,  the 
dissociation  is  slow,  and  oxygen  2p*  (^Piup)  states  are  produced  mily  through  predissociation;  tl^refore, 
exit  channel  mixing  effects  are  le^xmsiUe  for  the  statistical  distributitm.  Furthermore.  Huang  and  Gordon 
(to  be  published)  and  hfatsumi  and  Kawasaki  (1990)  report  that  in  i^iotodissociation  at  157  nm,  the 
population  of  the  ground  state  (J  »  2)  was  found  to  predominate  from  dissociation  from  the  B  %  state. 

Experiment  and  calculation  show  that  a  room  temperatt:,e  distrilmtion  of  atomic  oxygen  yields  a 
pc^iulation  ratio  ¥2:*Pj:’Po  =  0.74,'0.2l^),05,  and  in  tte  Wgh  temperature  limit,  the  relative  distribution  will 
yield  a  population  ratio  *p2:^i:’Po  ==  5:3:1,  which  corresponds  to  the  statistical  weighting  factor  of  the 
muldplet  degeneracies  (2J+1).  It  is  noteworthy  that  the  relative  distribution  ratios  rapidly  converge  near 
2,5(X}  K  to  a  distribution  which  has  already  apjioached  tne  near  high  temperature  limit  (Figure  5).  For 
example,  the  observation  of  atomic  o.^ygen  ground  state  blittings  in  combustion  media  where  the  adiabatic 
flame  temperature  is  on  the  order  of  2,500  K  gives  distributions  which  cannot  be  readily  distinguished 
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£R»a  tfac  lugh  teiaperamie  limit  !q  our  measurement  of  the  nascent  S|to-oibit  poimlations,  distribution 

Is  eerier  tbmi  the  hi^  rempeiamre  limit 

Kine^  enragy  tmaly^s  of  du;  i^botofr^maits  (Hill  et  aL  1990)  and  die  absence  of  molecular  ion 
fiagorems  (CO^  aigge^  predissodative  lifetimes  of  pict^eomds  or  less.  In  tire  case  of  CX> 
{didodissodatimi  in  tire  rtpm  of  12.8  eV,  there  are  several  Rydbeig  ^re$  of  tire  im^rer  symmetry  for 
two-fdioum  exdtatioo  £R»n  the  CO  (X}Z^)  ground  dectromc  state  (Bdeor,  Zlavelovic^.  aral  Rhodes  1980). 
This  energy  is  ~0.44  eV  above  the  dissodation  pathway  which  coirddes  to  the  preaucticn  of  metastable 
cartxm  and  oxygen  2p*(^P)  ijiO  (Krupenie  1966)  states,  which  have  been  measured.  If  oxygen 

2p''  (V2.1JB)  h;ft  widi  a  kindic  diergy  of  -021  eV  (Hill  d  aL  1990),  dren  this  would  yield  a  temperature 
of  1,600  K  vdien  fitted  to  a  Boltzman  distribution,  wdiich  is  dose  to  emr  meaairemertt  Aithmigh  the  extret 
nature  of  die  stde(s)  readied  is  iret  entirely  ceitain.  tu^idiodm  exdtadon  to  die  c’n  Rydteig  ^e  which 
is  predi^ociated  by  valence  slates  (Hill  et  al.  1990)  wmdd  yield  the  final  prodiret  std^  which  we  have 
observed. 

Two-photon  exdtatkm  of  CO  may  le^rve  die  molecule  in  a  dissodadve  continuum  which  correlates 
to  carixm  2p^‘P2)  ami  oxygen  2p\^2^t),  or  tire  exdtadon  may  tenumate  in  discrete  vibrenic  Rydbeig 
states  which  are  predissodative  and  yield  there  same  produa  states.  The  observation  of  a  resonance  in 
the  dissodadmi  yield  fiom  a  discrete  exdted  state  vibradtmal  level  wtxild  aid  in  tire  idmdficadon  of  tire 
l»edissodadve  level  and  umter^anding  of  the  dynamics.  Here,  it  is  important  to  muidon  that  tire  ^[lectral 
litre  width  of  the  free-nmning  AiF  laser  used  in  diis  work  is  -ISO  cm*'  FWHM,  and  it  excites  a  manifold 
of  rotational  lines  in  the  CO  (a^TI,  v  =  2)  levd  one-i^ton  transititms.  Ihe  resonances  which  have  been 
observed  in  the  dissodation  are  those  which  arise  in  transidons  fiom  die  CO  (a’n,  v  =  2)  level  (Meijer 
et  aL  1988;  Hill  et  al.  1990).  Single-f^ton  dissociation  fiom  this  envelope  of  rotadonai  levels  yields 
die  distribution  of  atomic  oxygen  spin-oibit  states  that  have  measured  over  all  of  these  levels.  A 
tunable  excimer  laser  with  a  mudi  narrower  bandwidth  can  resuive  single  rotational  transitions  fiom  J  = 
6  d>  J  =  26  in  the  electronic  and  vibrational  ground  state  of  CO  periu^  also  reveal  Coriolis  rotational 
effects  which  may  influence  the  nascent  oxygen  sjrin-orbit  disnibucions,  which  may  be  particularly 
{Hinninent  at  hi^er  J  levels.  Theoretical  calculations  (on  OH  dissodadon)  further  show  that  nonadiabatic 
coiqilings  influence  the  oxygen  atom  fine  structure  branching  ratios  and  increase  as  a  function  of  the 
J  quantum  number  bec4iuse  of  Coriolis  coupling  with  J  (Lee  and  Freed  1987).  It  has  been  shown  (Hill 
et  aL  1990)  that  dissodadve  processes  which  do  produce  C  and  CT  exhibit  a  resonance  effect  which 
originates  in  tire  CO  (a^fl,  v  ■*  2)  level;  fwwevc',  tl*  CO*  yield  is  essentially  negligible  and  does  not 
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RgoreS.  CalcaUtted  tXstributicm  Ratios  oC  AU)mic  Oxygen  2o*f3P,  Hotted  vs.  Temperature. 

exbiUt  this  firequency  dependence.  Similar  experimemal  measurements  using  a  tunable  excimer  laser  to 
m^ire  ttte  fiequeiKy  dependewe  of  die  yields  of  atomic  ox^en  in  CX)  j^todissociation  which  originate 
in  the  CO  (a^x,  v»2)  level  have  not  y^  been  performed  to  our  best  knowledge. 

We  thought  that  perhaps  we  could  obtain  information  on  rotational  effects  cm  dm  spirniibit 
distribudtms  by  cooling  ground  electronic  st^  CO  (X‘£‘)  in  a  supersonic  expansicm.  Modulation  of 
rotadcmal  pc^adtms  of  ground  state  molecule  that  are  excited  into  higher  lying  electnmic  states  have 
riiown  diff»ing  dynamical  behavior  uring  this  sim{de  teclBiique.  which  has  been  attributed  to  Coriolis 
c<»q}ling  (Saigusa,  Fbrch,  and  Um  1983:  Forch  and  Urn  1984).  Although  the  O*^  signals  detected  by  the 
prcdm  lasmr  ftmn  CO  photodissociadmt  at  193  nm  weie  extremely  weak,  in  a  super^nic  expansion  of  an 
8%  mixture  of  CO  in  argtm.  there  was  an  apparent  -10%  increase  in  the  J  »  2  suldevel  within 
experimental  error.  At  present,  it  is  difficult  to  distinguish  differences  in  dm  distributions  which  arise 
from  dm  {dimodtssociation  of  CO  or  CO-Ar  (or  higher  order)  van  der  Waals  complexes. 
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There  also  may  be  ^ssodadon  waveioigth  effects  in  tte  mscGCA  st^iw^itit  distributicns.  Miya\^ 
et  aL  (1990)  have  iove^gated  ^in-orbit  stare  distriimtion  of  oxygen  2p*  (^^24/9)  preduced  in  the 
I^b(^odis^>ciation  of  NOj  u  four  different  wavelengths.  They  also  r^rt  the  propensity  for  the  J  =  2  level 
to  be  srore  pc^mltaed  than  die  high  temper^ire  limiL  The  distributions  which  were  produced  by  3SS- . 
337‘  ,  and  266>imi  {dx^odissociatitHis  at  212  nm  throu^  a  differem  ei^hronic  stare  yielded  a  different 
nasc^  ^aie  distribtitkm.  We  decided  to  investigate  the  ];dicaodissociatioii  of  CO  at  anotirer  excimer  laser 
wavdength  (KrF  ^  24S  nm)  and  oi»erved  signals  from  the  {^c^roductitm  of  CO^  sig^ials  whidi 
we  observed  hi  pump>{Hobe  experimms  were  very  wedr.  aid.  ’n  addition,  it  was  difficult  to  disrem  what 
frtKrtimi  of  domic  oxygen  2p‘‘  was  {Hoduced  froiri  the  dis^iciation  of  CO  or  CO*  at  this 

wavdetigth.  We  hr^.  in  the  future  woric.  to  extfid  this  woiic  using  botii  a  high  resolution  line  tunable 
AiF  excimer  laser  vdilch  can  excite  individual  rotational  1  irres  of  the  ^n-forhidden  CO  i^fl,  v'  =  24~X‘5r, 
«  0  cme-i^ioton  transitiors  and  probe  laser  with  subdof^ler  resolution  to  resolve  upper  stare  splittings 
of  tire  fine  structure  trompCHTents  of  atomic  oxygen  2p*3p(*p2j^. 

4.  CONCLUSION 

The  itiretodisaicidion  of  carbon  monoxide  at  193  nm  has  been  tnv^gated  using  REMPI  derection 
of  oxygen  and  carbon  atoms  under  coUisic»i>free  omdltions.  These  irew  results  are  in  excellent  agreement 
with  our  ixevious  experimental  tnv^gations  whidi  used  oxygen-atom  two-photon  laser-inducoi 
fluorescence  and  suggest  a  (piadratic  {tiiotodissodation  proc^  in  CO  at  12.8  eV.  Tire  nascent  fine 
structure  brandling  ratios  of  atomic  oxygen  2p*(’p2j;,)  from  193-nm  photodissociation  of  CO  are  reported 
using  oxygen  (2-t-l)  REMPi  and  two-photon  laser-uduced  fluorescence  and  indicate  that  the  distribution 
is  not  ssatisticaL  Tire  experimental  data  were  fit  to  a  distribution  which  would  correspond  to  a  thermal 
temperature  of  1,100  ±200  K. 

At  presmtt.  Irowcver,  although  predissodative  processes  appear  to  dominate  the  photoabsorption  in 
this  energy  region,  the  precise  identity  of  tire  dissodative  state{s)  is  not  entirely  cenaia  Essentially,  there 
is  little  krrown  about  the  dependence  of  the  branching  ratios  on  tire  dissociation  pathway  (i.e.,  excitation 
wavdength,  nmiadiabatic,  and  spin-orbit  coupling  between  dissociating  states,  curve  crossings,  and  exit 
channd  mixing  effects). 
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1  Brigham  Young  Universky 
Dept  of  Chemicai  EngineWing 
ATTN:  M.W.  Beckstead 
Provo,  UT  84058 

1  California  irtstkute  of  Tech. 

Jet  Propulsion  Latx}ratory 
ATTN:  L  Strand/MS  512/102 
4800  Oak  Qrove  Drive 
Pasaderui,CA  91109 


1  CaBomia  in^ute  of 
Techndogy 

ATTN:  F.E.C.  CuBck/ 

MC  301-46 
204  Karman 
Pasadena,  CA  91125 

1  University  of  OaBorr^ 

Los  Alamos  ScientlHc  Lab. 

P.O.  Box  1663,  MaB  Stop  B216 
Los  Alamos,  NM  87545 

1  UnNersky  of  Calkomia, 
Berkeley 

Chemistiy  Deparment 
ATTN:  C.  BrEdley  Moore 
211  Lewis  HaH 
Berkeley.  CA  94720 

1  UnNersky  of  Cafifomla, 

SanDi^o 

ATTN:  F.A  WBIams 
AMES.  B010 
U  Jolla.  CA  92093 

2  Universky  of  CaBorrBa, 

Santa  Barbara 
Quantum  Instkute 
ATTN:  K.  Schofield 
M.  Stekrberg 

Sarka  Barbara,  CA  931 06 

1  Universky  of  Colorado  at 

Boulder 

Engkteerkig  Center 
ATTN:  J.  Daily 
Campus  Box  427 
Boulder,  CO  80309-0427 

2  University  of  Southern 

CaBomia 
Dept  of  Chemistry 
ATTN:  S.  Benson 
C.  Wittig 

Los  Angeles,  CA  90007 

1  Corneti  University 

Department  of  Chemistry 
ATTN:  TA  Cool 
Baker  Laboratory 
Ithaca,  NY  14853 
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1  of  D^aware 

ATTN:  T  BrI 
C^iamtetry  D^>artnftent 
Newark.  OE  19711 

1  UnNersly  of  Florida 
D^of  Chem^ 

ATTN:  J.  Wineforckier 
Oaines^FL  32611 

3  Georgia  institue  of  Technology 
Schod  of  Aerospace  Engineering 
ATTN:  E  Price 

W.C.  StraNe 
B.T.2inn 
Atianta.OA  30332 

1  UnNersily  of  iftiois 
Dept  of  Mech.  Errg. 

ATTN:  H.  Krier 
144MEB.  1206  W.  Green  St 
Urbana.IL  61801 

1  Johns  Hopkins  University/APL 
Chemicai  Propubion 
Information  Agency 
ATTN:  T.VV.  Christian 
Johns  Hopkins  Road 
Laurel,  MO  20707 

1  University  of  Michigan 
Qas  Dynamics  Lab 
Aerospace  Engineering  Bldg. 
ATTN:  G.M.  Faeth 
Arm  Arbor.  Ml  46109-2140 

1  University  of  Minnesota 
Dept  of  Mechanical 
Engineering 
ATTN:  E.  Fletcher 
MinneapoRs,  MN  55455 

3  Pennsylvania  State  University 
Appfied  Research  Laboratory 
ATTN:  K.K.  Kuo 
H.  Palmer 
M.  Micci 

University  Park,  PA  16802 
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1  PennsyKrar^  State  University 

Dept  of  Mectanical  Engkieering 
ATTN:  V.  Yang 
University  Park,  PA  16802 

1  Polytechnic  instkitte  erf  NY 
QracluateCentw 

ATITJ:  S.  Lederman 
Route  110 

Farmingdale,  NY  11735 

2  Princ^on  UrRversity 
Forrestai  Campus  UMsry 
ATTN:  K.  Brezinsky 

I.  Giassman 
P.O.  Box  710 
Princeton,  NJ  08540 

1  Purdue  University 
School  of  Aeronautics 
and  Astronautics 
ATTN:  J.R.  Osborn 
Grissom  Hafl 

West  Laft^ette,  IN  47906 

1  Purdue  University 

Department  of  Chemistry 
ATTN:  E.  Grant 

West  Lafayette,  IN  47906 

2  Purdue  University 
School  of  Mechanical 

Engineering 

ATTN:  N.M.  Laurendeau 
S.N.B.  Murthy 
TSPC  Chaffee  HaH 
West  Lafayette,  IN  47906 

1  Rensselaer  Polytechnic  Inst. 

Dept,  of  Chemical  Engirieering 
ATTN:  A  Fontijn 

Troy,  NY  12181 

1  Stanford  University 
Dept,  of  Mechanical 
Engineering 
ATTN:  R.  Hanson 

Stanford,  CA  94305 
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1  Universly  of  Texas 
Dapt  d!  Chetnisdy 
ATTN:  W.  Qafdiner 
Austin,  TX  7C/i2 

1  UnNersI^  of  UUdi 

of  Chdtift»tEr^|ineering 
ATTN:  <3.  Flandfo 
Sal  Lake  Cky.UT  84112 

1  Vlr^rtia  Polytechnic 
instlueand 
State  Urdtf^sly 
ATTN:  JA  Schetz 
BiadtstMjrg,  VA  24061 

1  Freedman  Associates 
ATTN:  E  Freedman 
2411  Diana  Road 
Baftimore.MO  21209-152S 


IhnnENTK»<ALLY  LEFT  BLANK, 


